This review article describes the major structural features of layer double hydroxides (LDHs), gives an overview of their synthetic and modification methods as well as the structural characterization possibilities both the generally used and those, which can only be used for specific LDHs. The catalytic use of these materials without calcination, i.e. the layered structure is preserved, are also highlighted. The paper places the authors' works of about the last decade in the framework of recent papers and review articles of this broad field.
INTRODUCTION
In the ninethies of the previous century, we entered the research field of layered double hydroxides by chance. At that time, we were working with the cation-exchanger montmorillonite, mostly we wanted to find ways of pillaring it with various complex inorganic cations, and use them in shape-selective catalytic reactions [1] . Then, the idea occurred to apply organic cations instead of the inorganic ones, perhaps if they are chiral, then enantioselective/ diastereoselective catalyst may be developed. Some amino acids, their protonated versions, seemed to be handy candidates to try. Having some organic chemistry background, it was clear that amino acids have amphoteric character, they can be deprotonated as well, then, why not use them as pillaring agents in anion-exchanger materials. To keep as close similarity to montmorillonite as it was possible, substances with layered structure were sought for. Thus, we arrived at the family of layered double hydroxides (LDHs). Even superficial literature search revealed that better not choose MgAl-LDH, since they were too popular, papers with ZnAl-LDH were significantly scarcer. The project went on, and we were able to produce amino acid pillared montmorillonite and amino acid pillared ZnAl-LDH using the protonated and the deprotonated versions of amino acids [2] . The paper was well received, since, by chance, we were among the first researchers to prepare amino acid intercalated LDHs, and this area of LDH research became popular soon after we published our results. Then, for some years, it looked like that this work was only an excursion to this area, until at the beginning of the twenties of this century, when new impetus came from an industrial collaboration. Then, we started to work with hydrocalumites [3] , a subgroup of the hydrotalcite supergroup of LDHs [4] . We have learnt after conducting a thorough literature search, that the synthesis, structural modification, characterization of LDHs is very crowded area, thousands of papers are published annually, and LDHs also have many applications. From time to time excellent reviews provide with critical surveys of the area [5−18] , and there are some books containing vital information both for the newcomers and the experienced researchers [19−22] .
As far as their usages are concerned, we list some recent reviews, about a few important applications and application areas like drug delivery vehicles [23, 24] , adsorbents [25] , flame retardants [26] , environmental protection [27, 28] , electrochemistry and energy storage [29] , photocatalysis [30, 31] , catalysts after heat treatment and catalyst supports [32, 33] , somewhat more about catalytic applications, when the layered structure is maintained [34−37] . This is the area we are working at.
METHODS OF SYNTHESIS AND POST-SYNTHESIS MODIFICATIONS
There are many frequently used ways of preparing LDHs, most of them are wet chemical methods [5, 38] ; however, recently, increasing attention is turned towards less conventional ones, like mechanochemical synthesis methods (one-or two-step milling, in which the second step is usually wet milling) or ultrasonically-assisted mechanochemical synthesis (for recent reviews, see, e.g., refs. [13] and [17] . Ultrasonic irradiation can also be used in post-synthesis modifications efficiently.
Wet chemical methods
The main synthetic wet chemical techniques for the synthesis of LDHs are the co-precipitation [39] and the urea hydrolysis methods [40] . In the co-precipitation method, an aqueous solution of M(II) and M(III) cations (most often two components; however, layered hydroxides with three cationic components also emerge with increasing frequency) is applied as precursor. The solution is mixed together with aqueous base (usually NaOH) solution to reach the pH of precipitation. The urea hydrolysis method works similarly, but the urea hydrolysis, which is temperature-dependent provides the necessary pH value. The method affords more precise and constant pH.
It is known that the interlayer anions can be exchanged almost at will even bulky organic or complex ones can be introduced into the interlayer space [41, 42] . Among the methods generally applied for this purpose [43] one can find wet chemical as well as mechanochemical techniques. The wet chemical methods can be direct anion exchange from water [44] , aqueous ethanol or acetone [45] ; co-precipitation of the components including the anion to be intercalated [46] ; the dehydration-rehydration method of intercalation [47, 48] . Occasionally, ultrasonic treatment increases the efficiency of the anion exchange or allows the introduction of anions, which would be difficult without its use [49, 50] .
Mechanochemical methods
Basically, two methods are used. One-step milling is the simpler one, in which the solid components are milled together (dry milling). This was used, for instance in the synthesis of MgAl-LDHs using planetary ball mill [51] . In the two-step milling procedure [52] , dry milling was performed first with the mixtures of the solid hydroxides of the M(II) and M(III) ions, then, milling was continued in the presence of small amount of water (wet-milling step). The presence of water ensured the formation of the LDH, since the amount of hydroxides in the metal salts was not sufficient for this. It was also shown that using a simple agate mortar and manual grinding also provided with the LDH [53] . This "soft" mechanochemical treatment − co-grinding the constituents in a mortar with a pestle − could also be used for the intercalation of various anions [54, 55] . CaAl- [56] and CaFe-LDH [57] could be prepared by the manual grinding as well as the two-step milling methods. It was shown manual grinding worked in producing LDH; however, the transformation was only partial, while it was complete on applying the two-step milling procedure.
It was found that certain LDHs like Ca(II)Sn(IV)-LDH could only be prepared by the two-step milling procedure [58] . Both the co-precipitation method and the one-step milling operation (milling without added liquid, i.e., dry milling) failed, physical mixtures of metal hydroxides and/or carbonates were only formed.
Upon mechanochemical treatment, the layered structure of CaFe-LDH) could be disordered and the deterioration steps were mapped [59] . Interestingly, the structural reconstruction of the mechanochemically disordered chloride-containing LDH was successful in distilled water as well as in nitratecontaining aqueous solution.
Ultrasonically-enhanced mechanochemical method
Ultrasonic irradiation alone is not sufficient for the synthesis of LDHs. However, when the mixture of metal hydroxides preactivated by dry milling was sonicated in the presence of distilled water, not only high-quality LDHs were formed, but various inorganic anions like CO 3 2− , OH − , F − , Cl − , Br − , I − , N 3 − , NO 3 − , ClO 4 − could also be introduced among the layers with relative ease [49, 50] .
Ultrasonic treatment could be used in the synthesis of close-to-phase pure ZnAl- [60] and CaAl-LDHs [49] or even CaFeAl-triple hydroxides [61] . Its use was imperative, since after the milling step, LDH could not be observed in the product.
Ultrasonic irradiation was found to be able to regulate the crystallization process of CaFe-LDH with chloride interlayer anions [62] . Low-performance ultrasonic irradiation provided with perfect conditions for the formation of LDH with well-developed hexagonally-shaped crystallites. At continuous emission, anion intercalation could be enhanced. At discontinuous radiation periodicity, the aggregation tendency of the particles formed was somewhat hindered. The method allowed the fine-tuning of the optical properties of the LDH samples, too.
METHODS OF STRUCTURAL CHARACTERIZATION

Methods of general use
There are many instrumental methods for the structural characterization of LDHs. Some has general applicability like powder X-ray diffractomery (XRD), infrared (mid and far) and Raman spectroscopies, X-ray photoelectron spectroscopy (XPS). These methods are largely available and relatively easily accessible even in any not so well-equipped research places. They provide with indirect information about the layered structure (XRD), and certain parts of the LDH like hydrogen bonding network of OH groups, interlayer anions, surface-adsorbed carbon dioxide, skeletal vibrations (vibrational spectroscopies), oxidation states of the cationic components (XPS). XRD is the major tool in structural characterization, since LDHs have typical X-ray traces, and certain crucial data can be deduced from the diffractograms like the basal distance (interlayer space plus the thickness of one layer) and its change due to 37 functionalization. Indexing and identifying the diffraction patterns can be done with the help of the JCPDS (Joint Committee of Powder Diffraction Standards) database.
LDHs give typical response on heat treatment. Three water types can be separated on thermal treatment. Thermogravimetric measurement usually reveal three distinctive forms of water molecules. On gradually increasing the temperature of heat treatment one can remove the physically adsorbed water molecules (100 o C−150 o C), the interlayer water molecules are next (175 o C−325 o C), finally, the dehydration of structural OH groups and their closely associated (hydrogen bonded) water molecules takes place (350 o C−475 o C). The latter are often called 'structural water', although it exists in the form of OH groups in the layer, but it becomes water on dehydration. The water forms can be distinguished with dielectric relaxation spectroscopy (DRS), and rehydration of the dehydrated LDH can also be followed by this method [63, 64] .
For quantitative elemental analyses, various forms of the inductively coupled plasma analysis (ICP−MS, ICP−AES, ICP−OES) are available. This information is obtained after digesting the LDH [65] [66] [67] [68] [69] .
Synchrotron-based methods like X-ray absorption spectroscopy, resonant inelastic X-ray scattering (RIXS), high resolution powder X-ray diffractometry, etc. are available in many places in the world, and accessible through obtaining beamtime after successful proposals. These methods provide with information on local structures or complete structural description at the atomic scale via the last method [65] [66] [67] [68] [70] [71] [72] .
Microscopic methods allow the researcher to see crucial features of the LDHs. Scanning electron microscopy (SEM) is applied for studying the morphologies of the crystals, the crystal shape can be examined and the lamellar structure of the LDHs can be observed. Obviously, changes in these features during and after treatments of various kinds can also be followed. Transmission electron microscopy (TEM), especially its high-resolution version (HRTEM) can be used for observing the layered structure directly, and, sometimes, if the orientation of the crystal allows, the thickness of the layer and the interlayer spacing can also be measured [59, 66] . If energy-dispersive X-ray analysis (EDX) is possible, then, the constituents can be qualitatively analysed, and even (half) quantitative measurements are also possible. If the EDX accessory is coupled to HRTEM, then elemental maps can be made at the atomic level, i.e. the evenness of elemental distribution can be observed.
Methods of limited use
EPR spectroscopy can be used for collecting structural information if any of the components is EPR active [65, 66] .
Mössbauer spectroscopy is also a useful method providing structural information about the immediate environment of Mössbauer active nuclei. Sadly, there only a few ions (both, but more often iron(III)) are frequent constituents of LDHs [48, 73, 74] .
In principle, molecular modelling is a method of general applicability; however, calculations at high theoretical levels are still problematic, because having meaningful data about a cluster representing well the LDH structure is still computationally expensive. Therefore, calculations are usually done at lower level of theory [75, 76] , or combining molecular modelling and experimental data (XRD and TEM), and the purpose is mainly visualising the structural arrangements of intercalated complexes, for instance [65−69] .
CATALYSIS WITH UNCALCINED LDHS
As it has already been mentioned, LDHs have many applications. One of the most important is their use in catalysis, mostly as catalyst precursors or catalysts in base-catalysed reactions. On calcination, the layered structure collapses and the catalytic activity of the resulting mixed oxide often increases, because of the presence of many defects in its structure.
In scarcer, but increasing number of cases, they are used in their asprepared forms, and they were found to be active, selective and recyclable catalysts in a number of synthetically useful reactions. In the followings we attempt to give a brief overview about this kind of application.
Catalysts in various oxidative transformations
As-prepared MgAl-LDH selectively oxidized the olefinic double bond of enones using H 2 O 2 for oxidation [77] . As-prepared CaAl-LDH or CaFe-LDH were found to be active as well [78] . Here, the compound was 2-cyclohexene-1-one, the oxidant was hydrogen peroxide, and the reaction was performed in the liquid phase in various solvents (Scheme 1). It was found that keeping the LDH structure was beneficial, since both uncalcined LDHs were more active than their calcined versions. The oxidative homocoupling reactions of aromatic amines (Scheme 3) as well as acetylenes (Scheme 4) were efficiently catalysed with as-prepared Cu(II)Fe(III)-LDH in a flow reactor at moderate pressure and temperature without added materials [79] . The catalyst remained very active even after 15-h time-on-stream, and displayed very high substance tolerance. Scheme 3. As-prepared Cu(II)Fe(III)-LDH as catalyst in the homocoupling of anilines in a flow reactor Scheme 4. As-prepared Cu(II)Fe(III)-LDH as catalyst in the homocoupling of terminal acetylenes in a flow reactor Metal (ion) complexes intercalated in various LDHs were found to be active and selective catalysts. Mn(III)-sulfonato-salen−ZnAl-LDH intercalated material catalyzed the epoxidation of various prochiral alkenes with oxygen or even air [80−85] . Mn-salen−MgAl-LDH was efficient and recyclable catalyst in the N-oxidation of picoline [86] . Mn-porphyrin−ZnAl-LDH could catalyze the epoxidation of various olefins (cyclohexene, heptylene, phenylethylene, 3methyl-3-buten-1-ol, ethyl cinnamate and chalcone) with oxygen [87] .
The intercalated Cu(II)-2,2-bipyridine-5,5-dicarboxylate complex could catalyze the oxidation of styrene, ethylbenzene and cyclohexane producing benzaldehyde, acetophenone and a mixture of cyclohexanol and cyclohexanone, respectively [88] . The intercalated Cu(II)-sulphonato Schiff base complexes as well as the Fe(III)-Schiff base complex-LDH composites catalyzed the oxidation of glycerol to glyceric acid [89] and the selective oxidation of cyclohexane to a mixture of cyclohexanone and cyclohexanol [90] . Recently, Mo(II) complexed with bis(4-HOOC-phenyl)-acenaphthenequinone diimine) intercalated in MgAl-and ZnAl-LDH epoxidised cis-cyclooctene, styrene applying tert-butylhydroperoxide as the oxidant with 100% conversions [91] .
In our experimental work [65−68] , cyclohexene and two oxidants [peracetic acid and (diacetoxy)iodobenzene] were chosen as the probe molecules for studying the catalytic properties of Mn(II)- [65] , Cu(II)- [66] , Ni(II)- [67] or Fe(III)-amino acid [68] (L-histidine, L-cysteine or L-tyrosine) anionic complexes intercalated in CaAl-LDH. Epoxidation is the expected main reaction channel in the oxidation reaction of cyclohexene; however, other minor products may also be formed (Scheme 5). Acetone had to be the solvent, because peracetic acid does not decompose in it. The transformation of cyclohexene was significantly faster in the presence of the composites than in the blind tests (i.e. without the composites or in the presence of the LDH host only). Actually, it made almost no difference when the central ion and/or the ligands were varied. The overwhelming or the exclusive product was the epoxide, and the composites could be recycled several times with nearly retaining the original activity and composition of the product mixture.
Cyclohexene was oxidized, under similar conditions, with (diacetoxyiodo) benzene in aqueous acetone (5/95% by volume), too. The water content was imperative, since it was needed for hydrolysis, and thus the activation of (diacetoxyiodo)benzene by the following reaction [92]:
PhI(OOCH 3 ) 2 + H 2 O PhI(OH) 2 + 2 CH 3 COOH It was observed that the in situ formed PhI(OH) 2 , in the presence of added composites gave in close to 100% selectivity the diol even though epoxide was formed in appreciable quantities without them. The added composites acted as catalysts, and they could be recycled several times applying simple rinsing with the solvents between the repeated runs. Diol was a primary product over the fresh as well as the recycled catalysts, since the cis isomer was only found. If it had been originated from the ring opening of the epoxide, the trans isomer would have been formed.
The Cu(II)- [66] and the Fe(III)-containing [68] composites were probed in the Ullmann-type etherification (Scheme 6), and they also proved to be excellent catalysts in this reaction type. Recycling was possible and easy. The reactivity was maintained even after the third recycling reaction. For regeneration, a simple rinse with toluene proved to be sufficient.
O + I
O H Scheme 6. Etherification of the Ullmann type (in the original reaction, the catalyst was the Cu(I) ion [93, 94] )
Catalysts of miscellaneous reactions
L-Prolinate-MgAl-LDH samples were tested in cross-aldol dimerization− condensation of benzaldehyde and acetone (Scheme 7). As it was expected, the dimerization was the main reaction (the catalyst was basic, and the temperature was low). Originally low (6%, [95] ), but later appreciable (94%, [96] ) enantioselective excess (ee) values were achieved. In the same reaction, the L-prolinate-CaFe-LDH composite did not perform so well [97] , moderate ee values (53%) could only be obtained. After recycling the activity increased; however, both the dimerization selectivity and the enantioselectivity decreased. The latter is probably due the enolization of the carboxylate ions favoured by the basic conditions [98] . Due to this reaction the chirality of the α-carbon atom is lost. The as-prepared Cu(II)Fe(III)-LDH actively and selectively catalysed the click reaction of organic azides and alkynes providing with 1,2,3-triazoles in a flow reactor under 50 to 100 bar pressure from room temperature to 100 o C (Scheme 8) [99] .
Scheme 8. 1,3-dipolar cycloaddition between terminal acetylenes and azides
catalysed with uncalcined Cu(II)Fe(III)-LDH in a flow reactor
SUMMARY AND OUTLOOK
The research field dealing with various aspects of LDH chemistry spanning from their synthesis and modification methods through structural characterization till many kinds of applications is thriving. Thousands of papers are published annually. Here, hopefully, we were able to show recent developments of this broad field emphasizing the recently emerging area of their use as catalysts maintaining their layered structure. LDHs are versatile materials. It was also intended to show ways of their synthesis and structural modification, which is relatively easy; there are many methods available, slight and, occasionally, dramatic alterations occur. Some of them prove to be useful and are widely applied others prove to be impractical and forgotten. The authors are sure that research activity in this area will not diminish and we are going to see many new methods, with the help of which these versatile materials can be tuned to various applications even to those unknown today.
